In conclusion, our findings indicate that plasma Ang-1 and Ang-2 levels are potential diagnostic and prognostic biomarkers in HCC.
INTRODUCTION
Hepatocellular carcinoma (HCC), the most common primary liver cancer and the second leading cause of cancer-related death in the world, is responsible for approximately 750,000 deaths per year [1] . Multiple factors are involved in the high mortality rates of HCC, including ineffective screening and lack of access to treatment in some regions [2] [3] [4] . In addition, given the asymptomatic nature in its early stages, most HCC cases are detected at an advanced stage, leading to incurable disease states in patients with low hepatic functional reserve [4] [5] [6] . The
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development of HCC is closely related to the presence of chronic liver disease, and the most prevalent underlying etiologic factors are viral hepatitis B and C, exposure to aflatoxins, alcohol use, and nonalcoholic steatohepatitis caused by metabolic syndrome [7, 8] . Surgical resection, liver transplantation, and radiofrequency ablation are the only curative therapeutic modalities for localized HCC, and treatment options for patients with locally advanced or metastatic disease are limited [9, 10] .
Sorafenib and lenvatinib, orally available multikinase inhibitors, have demonstrated modest overall survival (OS) benefit and are currently the only systemic therapies approved for first-line treatment of advanced HCC [11, 12] . More recently, immunotherapy was incorporated into the therapeutic arsenal for HCC, as nivolumab was approved in the second-line setting [13] . However, validated predictive and prognostic biomarkers to advance personalized oncologic management, and predict therapeutic outcomes and survival are lacking for this highly aggressive cancer [14] .
Notably, HCC development, progression, and metastasis are strongly associated with angiogenesis pathway [11] . Accordingly, antiangiogenic approaches are part of the standard of care in HCC treatment; lenvatinib and sorafenib, for example, target the vascular endothelial growth factor receptor (VEGFR), among other kinases [12] . An imbalance between proangiogenic and antiangiogenic factors is believed to drive angiogenesis in HCC [15, 16] . Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) were first described as ligands for Tie2, a transmembrane receptor tyrosine kinase that regulates survival, proliferation, and migration of endothelial cells [17] [18] [19] . In physiologic conditions, homeostatic balance is maintained between Ang-1 and Ang-2 activity [17] [18] [19] . Ang-1 is primarily expressed in periendothelial support cells of quiescent blood vessels [11] . Binding of Ang-1 to Tie2 promotes structural integrity of the vascular networks [17] [18] [19] [20] [21] . In contrast, Ang-2 is expressed during inflammation-induced vascular remodeling and decreases vascular stabilization [17, 22] . Furthermore, Ang-2 inhibits vascular integrity by competitively inhibiting Ang-1-induced Tie2 activation [23, 24] . Additional lines of evidence suggest that Ang-2 supports angiogenesis by binding the Tie2 receptor in monocytes [25] . In addition, increasing evidence suggests that Ang-2 promotes recruitment of intratumoral macrophages and promotes PD-L1 expression in M2-polarized macrophages [26] .
The intertwined regulation of neoangiogenesis and the immune system can offer therapeutic opportunities, and this is of particular interest since checkpoint inhibitors are incorporated into the treatment of HCC, a highly vascular malignancy [27] . Ang-1 and Ang-2 show promise as prognostic markers for HCC, and a study of plasma biomarkers from the SHARP trial identified circulating Ang-2 levels as the only independent predictor of survival in HCC patients treated with sorafenib or placebo [14, 24] . Similarly, our group reported the predictive significance of Ang-2 in a clinical trial of bevacizumab and erlotinib combination in advanced HCC [28] .
The goal of the current study was to determine the prognostic value of plasma levels of Ang-1 and Ang-2 in HCC and to explore the diagnostic utility of plasma Ang-1 and Ang-2 in differentiating cirrhosis from HCC. We examined the prognostic roles of plasma Ang-1 and Ang-2 levels by comparing OS of patients with low versus high plasma Ang-1 and Ang-2 levels to determine whether plasma Ang-1 and Ang-2 were associated with clinicopathologic characteristics. Table 1 summarizes the baseline clinical and pathologic characteristics of the 767 HCC patients included in our analysis. Most patients in the study population were older than 60 years (57.4%), and the male-to-female ratio was 2.8:1. Hepatitis in 65.2% and alcohol consumption in 73.0% of patients were the most prevalent risk factors for HCC. Of the 767 HCC patients, 189 (24.6%) had distant metastasis at initial presentation. Most (76.6%) had stage C-D of the Barcelona Clinic Liver Cancer (BCLC) HCC classification systems. Comparison between low (n = 415 patients) and high (n = 352 patients) plasma Ang-1 levels showed statistically significant differences between the levels based on the presence of cirrhosis, Child-Pugh score, and hepatitis C virus (HCV) positivity ( Figure  1A ). Comparison between low (n = 59 patients) and high (n = 708 patients) plasma Ang-2 levels demonstrated statistically significant differences between the levels based on the presence of cirrhosis, Child-Pugh score, the presence of vascular invasion and vascular thrombosis, tumor involvement >50% of the liver, multinodularity, alpha-fetoprotein (AFP) levels, HCV positivity, and history of cigarette smoking ( Figure 1B) .
RESULTS
Plasma Ang-1 levels were significantly lower in cirrhotic patients (mean = 11.6 ng/ml; 95% CI, 10.2-13.0 ng/ml) than in healthy controls (mean = 16.0 ng/ml; 95% CI, 14.9-17.1 ng/ml) and in HCC patients (mean = 16.1 ng/ml; 95% CI, 15.4-16.7 ng/ml) (p < 0.001) (Figure 2A ). In contrast, plasma Ang-2 levels were significantly lower in healthy controls (mean = 4.4 ng/ml; 95% CI, 4.2-4.7 ng/ml) than in cirrhotic (mean = 15.2 ng/ml; 95% CI, 12.6-17.8 ng/ml) and in HCC patients (mean = 15.3 ng/ml; 95% CI, 14.1-16.4 ng/ml) (p < 0.001) (Figure 2A ). In addition, mean plasma Ang-2 levels were significantly more elevated in HCC patients with a higher Child-Pugh score, higher TNM-stage, HCV positivity, presence of vascular invasion and thrombosis, presence of metastasis, and higher AFP levels, whereas plasma Ang-1 was significantly lower in patients with a more advanced Child-Pugh score and TNM staging ( Figure 3A) . Antagonistically, lower plasma Ang-2 levels correlated with prolonged OS. Median OS was 61.8 months (95% CI, 45.1-78.5 months) for those with low plasma Ang-2 compared with 28.5 months (95% CI, 24.8-32.1 months) for those with high levels (p < 0.001) ( Figure 3B ).
DISCUSSION
To the best of our knowledge, we herein describe the largest cohort correlating plasma levels of Ang-1 and Ang-2 with clinical and prognostic characteristics of HCC. Our current study indicates that higher plasma Ang-2 and lower plasma Ang-1 levels are risk factors for shorter OS in HCC. Consistent with our findings, data from clinical trials including our phase II study with bevacizumab and erlotinib [28] in addition to an analysis of plasma biomarkers of patients enrolled in the phase III randomized SHARP trial demonstrated that elevated serum Ang-2 was an independent risk factor for shorter OS in both the sorafenib and the placebo arms [14] .
Our results also showed that plasma levels of Ang-1 was significantly lower in cirrhotic patients than in HCC patients and in healthy controls, whereas plasma Ang-2 was significantly more elevated in cirrhotic and HCC patients than in healthy controls. There were no significant differences in Ang-2 levels in cirrhotic vs HCC patients. These findings suggest that Ang-1 and Ang-2 can jointly be explored as noninvasive diagnostic biomarkers of HCC and liver disease. Consistent with our results, a retrospective study by Hernández-Bartolomé et al. [29] analyzing 179 patients had previously demonstrated that although Ang-1 was decreased in cirrhotic compared with non-cirrhotic patients, Ang-2 was significantly increased as the stage of liver disease progressed. Moreover, these authors demonstrated that the ratio of serum Ang-2 to Ang-1 displayed notable accuracy (82.1%) for the diagnosis of cirrhosis at the optimal cut-off. In contrast to our results, Scholz et al. demonstrated that Ang-2 levels were significantly higher in HCC patients than in cirrhotic patients [30] .
Our study demonstrated that higher plasma Ang-2 levels were associated with advanced clinicopathologic features, including higher TNM stage, higher Child-Pugh score, and higher chance of metastasis. In agreement with our findings, the above-mentioned biomarker analysis of the SHARP trial identified correlation between circulating Ang-2 levels and the presence of macrovascular invasion and higher AFP levels [14] . Also consistent with our findings, Dias-Sanchez et al. [31] demonstrated that serum Ang-2 levels in 32 HCC patients correlated with vascular invasion and thrombosis, AFP levels, and advanced BCLC staging. Two additional interesting elements should be considered with regard to the role of Ang-2 as a noninvasive biomarker for HCC. First, therapies blocking Ang-2 are currently under development (Table 2 ) [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Second, the role of Ang-2 as a noninvasive biomarker in HCC might expand with incorporation of immunotherapy in the therapeutic arsenal for HCC [13] . Previous studies have suggested that Ang-2 may contribute to resistance mechanisms to immune checkpoint therapy by enhancing tumor recruitment of monocytes and macrophages and by upregulating PD-L1 expression in tumor-associated macrophages [26] . Recent data also demonstrated that concurrent neutralization of VEGFA and Ang-2 promotes the development and deployment of antitumor immunity in mouse models of cancer, expanding the rationale for trials combining Ang-2-directed therapy with checkpoint inhibitors [46] . This is very relevant to the current paradigm shift in systemic therapy options for HCC which has led to approval of nivolamb recently in HCC.
To the best of our knowledge, our current study provides the first report of the correlation of plasma Ang-1 levels with clinicopathologic and prognostic features in HCC. Ang-1 expression quantified by mRNA was shown to correlate with tumor vascularity in previous reports [24] . In addition, circulating levels of Ang-1 have demonstrated prognostic correlation in other cancers, such as cervical, peritoneal mesothelioma, and nasopharynx and larynx carcinomas [47] [48] [49] .
Therefore, taken together, our results indicate that circulating Ang-1 and Ang-2 levels correlate both with the presence of cirrhosis and with advanced HCC clinicopathologic features, suggesting also a role in tumor progression. These findings complement results from previous studies. First, previous data has demonstrated that Ang-1 secreted by hepatic stellate cells contributes to liver fibrosis, and circulating Ang-1 and Ang-2 levels have been described as non-invasive biomarkers of cirrhosis in patients with chronic hepatitis C infection, highlighting the close relationship between angiogenesis and liver fibrosis [31, 50] . Second, targeting Tie-2, the receptor for Ang-1 and Ang-2, promote microvascular stability and decrease angiogenesis, and a selective Ang-2 inhibitor has been shown to reduce vascular growth by 46% and tumor size by 62% over a period of 26 days in preclinical models, demonstrating the role of this signaling pathway in HCC progression and further establishing angiopoietin as a potential target for therapy development (Table 2 ) [51] .
In summary, we have demonstrated that circulating levels of the proangiogenic cytokines Ang-1 and Ang-2 could be promising noninvasive prognostic and diagnostic markers in HCC. Independent validation studies with serial plasma measurements are needed to further characterize the significance of plasma angiopoietins levels, not only as ENGOT-ov-6/TRINOVA-2: Randomised, doubleblind, phase 3 study of pegylated liposomal doxorubicin plus trebananib or placebo in women with recurrent partially platinum-sensitive or resistant ovarian cancer Completed, with results [35] Phase II study of the angiopoietin 1 and 2 peptibody trebananib for the treatment of angiosarcoma. 
MATERIALS AND METHODS

Patients and specimens
The current analysis is part of a case-control, hospital-based study approved by the Institutional Review Board (IRB) of The University of Texas MD Anderson Cancer Center. We obtained written informed consent from all study subjects. With IRB approval, we prospectively collected clinicopathologic data and plasma samples from 767 patients treated at MD Anderson Cancer Center between 2001 and 2014. All patients were treatment-naïve. We have recorded the following characteristics from patients' medical records, at the time of blood collection: demographic parameters, HCC risk factors (such as cirrhosis, alcohol consumption, and hepatitis B or C infection), HCC treatment modalities received, survival data, and tumor variables such as number of liver nodules, size of each individual tumor, tumor grade and differentiation, the presence of macrovascular invasion, extrahepatic metastasis, and the percentage of tumor-occupied liver area. Information regarding disease staging was also collected with use of three recognized HCC classification systems: (1) the Barcelona Clinic Liver Cancer (BCLC), (2) the Cancer of the Liver Italian Program (CLIP), and (3) the AJCC tumor-node-metastasis (TNM) system. There were two accepted means for the diagnosis of HCC: by biopsy and pathologic examination or by typical characteristics on contrast-enhanced cross-sectional imaging in cirrhotic patients (computed tomography or magnetic resonance imaging). Patients were included 
Measurement of plasma Ang-1 and Ang-2
Ang-1 and Ang-2 plasma levels were measured in plasma samples with use of a commercially available multiplex immunoassay (Myriad, Human Discovery MAP, v3.3, Austin, TX, USA). All samples were collected prior to first cancer-directed treatment. There was no collection of samples after treatment, and no patient had a second measurement of circulation angiopoietin level at another time-point.
Statistical analysis
Statistical analyses were performed with use of Stata software (Stata Corp, College Station, TX, USA), and univariate analyses for categorical variables were performed by using the X 2 or Fisher exact test. An analysis of variance (ANOVA) comparison test was utilized to determine differences in serum biomarker levels between groups. The cutoff value for low versus high Ang-1 and Ang-2 levels was set at the median levels of each angiogenic factor in the control group. The Kaplan-Meier method was used to estimate OS and survival results were compared by using the log-rank test. We considered p values of less than 0.05 as statistically significant.
